During galaxy mergers the gas falls to the center, triggers star formation, and feeds the rapid growth of supermassive black holes (SMBHs). SMBHs respond to this fueling by supplying energy back to the ambient gas. Numerical studies suggest that this feedback is necessary to explain why the properties of SMBHs and the formation of bulges are closely related. This intimate link between the SMBH's mass and the large scale dynamics and luminosity of the host has proven to be a difficult issue to tackle with simulations due to the inability to resolve all the relevant length scales simultaneously. In this paper we simulate SMBH growth at high-resolution with FLASH, accounting for the gravitational focusing effects of nuclear star clusters (NSCs), which appear to be ubiquitous in galactic nuclei. In the simulations, the NSC core is resolved by a minimum cell size of about 0.001 pc or approximately 10 −3 of the cluster's radius. We discuss the conditions required for effective gas funneling to occur, which are mainly dominated by a relationship between NSC velocity dispersion and the local sound speed, and provide a sub-grid prescription for the augmentation of central SMBH accretion rates in the presence of NSCs. For the conditions expected to persist in the centers of merging galaxies, the resultant large central gas densities in NSCs should produce drastically enhanced embedded SMBH accretion rates -up to an order of magnitude increase can be achieved for gas properties resembling those in large-scale galaxy merger simulations. This will naturally result in faster black hole growth rates and higher luminosities than predicted by the commonly used Bondi-Hoyle-Lyttleton accretion formalism.
INTRODUCTION
Supermassive black holes (SMBHs; M 10 5 M ) are inferred to reside in most galactic nuclei (Kormendy & Richstone 1995; Magorrian et al. 1998; Laor 2000; Shankar 2009 ). When efficiently supplied with gas, these objects can produce some of the most luminous sources in the Universe (Falocco et al. 2012; Koss et al. 2012) . Recent panchromatic surveys have shown that close dual AGN are comparatively more luminous at high energies than their isolated counterparts, suggesting that the merger process is intricately tied to the feeding history of the waltzing SMBHs (Gültekin et al. 2009a,b; Koss et al. 2012; Liu et al. 2013) .
Gas supply to central SMBHs during galaxy mergers directly affects the growth and luminosity of these objects. Therefore, understanding how mass is bestowed to SMBHs results in predictions of their number density and luminosity distribution (Silk et al. 1998; Komossa et al. 2003) . In cosmological simulations of merging galaxies, some form of the classical Bondi-Hoyle-Lyttleton (BHL) accretion prescription is usually implemented to estimate SMBH feeding rates Kurosawa et al. 2009; Fabjan et al. 2010; Li 2012; Jeon et al. 2012; Choi et al. 2012 Choi et al. , 2013 Hirschmann et al. 2013; Newton & Kay 2013; Blecha et al. 2013; Anglés-Alcázar et al. 2013; Barai et al. 2014; Gabor & Bournaud 2014) . The use of this recipe assumes that the properties of gas at 50-100 pc (generally determined by the resolution scale length) accurately models the mass accretion rate onto the SMBH (Johansson et al. 2009) .
A significant fraction of SMBHs are expected to be embedded in nuclear star clusters (NSCs; Böker 2002; Böker et al. 2004; Walcher et al. 2005; Graham & Spitler 2009; Böker 2010; Seth et al. 2010) . Because these NSCs are typically more massive than the central SMBH, they can significantly alter the gas flow at scales which are commonly unresolved in cosmological simulations (≈ 1 − 5 pc; Naiman et al. 2011) . As a result, NSCs could provide an efficient mechanism for funneling gas towards the central black hole. Accurately determining the mass accretion history of SMBHs has important consequences not only for their growth history, but also for the evolution of the host galaxy (King 2003; Croton et al. 2006; Hopkins et al. 2007; Sijacki et al. 2007; Di Matteo et al. 2008; Primack et al. 2008; Booth & Schaye 2009; Debuhr et al. 2011 Debuhr et al. , 2012 . For this reason, pinning down the dominant mechanism by which gas at large scales is funneled into the SMBH is essential for understanding their role in mediating galaxy evolution.
In this paper, we make use of simulations to investigate how the accretion rate of SMBHs might be enhanced during galaxy mergers when they are embedded in massive and compact NSCs. Hydrodynamical models with multiple levels of refinement are used to capture both the large scale gas flow around the SMBH and NSC complex as well as the small scale accretion onto the central sink. We model the SMBH and the NSC as static potentials and simulate the structure of supersonic gas flows within their combined gravitational field in order to quantify the gas accretion rate in the inner tenths of parsecs. Simulations are performed for adiabatic and isothermal flows as well as for wide range of NSC radii and ambient conditions. These well-resolved, three dimensional simulations are used to generate sub-grid accretion prescriptions for larger scale simulations, thus providing a more accurate estimate of the feeding rates of SMBHs in cosmological simulations as well as a better determination of the expected luminosities of dual AGNs. We test the effects of this accretion rate enhancement on the growth of SMBHs in the galaxy merger simulations of Debuhr et al. (2011 Debuhr et al. ( , 2012 and discuss what combination of gas and gravitational potential parameters results in a significant augmentation to the mass accretion rate. This paper is organized as follows. In Section 2 we review the commonly used sub-grid prescriptions for calculating the mass accretion rates onto central massive black holes during galaxy merger simulations and suggest a modification in the presence of a NSC. A numerical scheme aimed at calculating black hole growth at high resolution, accounting for the gravitational focusing effects of NSC, is presented in Section 3. The conditions necessary for NSCs to collect ambient gas and, in turn, enhance the mass accretion rate of SMBHs are derived in Section 4. In Section 5 we use the central gas densities from realistic SPH cosmological merger simulations to estimate the augmentation to SMBHs mass accretion rates in the presence of a NSC as a function of time. We summarize our findings in Section 6.
ACCRETION FLOWS MODIFIED BY THE PRESENCE OF A NSC
SMBHs can trigger nuclear activity only as long as they interact with the surrounding gas. The way in which gas flows into a SMBH depends largely on the conditions where material is injected. The mass accretion rate into SMBHs in cosmological simulations is commonly estimated using analytical prescriptions based on the large scale gas structures in the centers of the simulated merging galaxies. The BHL formalism assumes the gas is accreted spherically symmetrically (Johansson et al. 2009 ):
where v is the relative velocity of the object through the external gas whose sound speed and density are given by c s and ρ ∞ , respectively (Edgar 2004) . The flow pattern is dramatically altered if the inflowing gas has a small amount of angular momentum. If the inflowing gas is injected more or less isotropically from large r, but has specific angular momentum per unit mass such that l 2 /GM r g , then the quasi-spherical approximation will break down and the gas will have sufficient angular momentum to orbit the SMBH (here r g is the SMBH's Schwarzschild radius). Viscous torques will then cause the gas to sink into the equatorial plane of the SMBH. In recent works, such departures from spherical symmetry have been accounted for by assuming the accretion proceeds through a disk:
where Σ is the surface gas density of the disk, Ω is the rotational angular frequency, and α is a dimensionless parameter dictating the strength of turbulent viscosity in the disk (Debuhr et al. 2011 (Debuhr et al. , 2012 . Both prescriptions rely on an understanding of the gas properties at r 100 pc in order to determine the mass accretion rate onto the central SMBH.
As discussed in Naiman et al. (2009 Naiman et al. ( , 2011 , a NSC moving at a low Mach number through relatively cold gas can drastically increase the gas density in its interior with respect to that of the external medium. Analytical estimates suggest that in the central regions of a NSC the expected density enhancement is given by
where the core radius, r c , is related to the cluster velocity dispersion by σ 2 V ≈ GM c /r c . The gas properties characterized here by ρ ∞ and c ∞ are the density and sound speed at r r c . Here γ denotes the adiabatic index of the flow and M c designates the mass of the NSC (Naiman et al. 2011) . Given this density enhancement in the core of the NSC, the accretion rate of the embedded SMBH would be amplified by a factor oḟ M bh+c ∝ ρ(r = 0)/c 3 s (r = 0) where c s (r = 0) = c s,nsc is the sound speed of the gas within the NSC and we have assumed that accretion proceeds at the classical Bondi rate (Bondi 1952) .
This simple derivation has thus far assumed a stationary cluster, however, the supermassive black hole and nuclear star cluster complex (SMBH+NSC) is likely to move with respect to its surrounding gas during a merger. We thus modify our analytical accretion rate prescription following the formalism discussed in Ruffert (1994) and such that:
where
s,nsc is the classic Bondi radius with c s,nsc = Kγρ γ−1 nsc , λ ≈ 1 is a dimensionless parameter that depends on the size of the accretor, and
where ρ nsc is the modified density in the NSC's interior. Here the Mach number of the SMBH+NSC complex with respect to the large scale surrounding gas is given by µ ∞ = v ∞ /c ∞ . In this formalism, the motion of the SMBH+NSC complex with respect to the ambient medium does not result in a sizable decrease in the amount of gas retained in the cluster's core as in the classical BHL case. This is because equation 5 accounts for the protection provided by the large scale NSC which forms a quasi-hydrostatic envelope around the SMBH (Naiman et al. 2011) . Note that we have assumed here that the influence of the NSC dominates the gravitational potential, which implies M c M bh . When M c M bh , the formation of a quasi-hydrostatic envelope is inhibited. Thus, the presence of a compact and massive NSC with M c M bh can significantly increase the gas densities surrounding central SMBHs during galaxy mergers thereby enhancing their accretion rates. The degree by which the accretion rate is enhanced by the presence of a NSC is tested with numerical simulations in the remaining of the paper.
SIMULATING ACCRETION ONTO SMBHs EMBEDDED IN NSCs
To examine the ability of a NSC to collect ambient gas and, in turn, enhance the mass accretion rate onto the central SMBH, we simulate the SMBH + NSC complex as a gravitational potential Φ = Φ c + Φ bh moving through ambient gas with FLASH, a parallel, adaptive mesh refinement hydrodynamics code (Fryxell et al. 2000) . A smooth potential, given by
provides an accurate description of the NSC potential given the cluster mass, M c , and radius, r c = (2/3 3/2 )GM c /σ
The gravitational potential of the SMBH is given by
and is modeled by a sink term. Here, we assume the gravitational potential is static -M bh does not grow -a valid approximation since the mass accreted during the simulation is small. We use inflow boundaries to simulate the NSC's motion through the central galaxy medium. In order to accurately resolve the mass accretion rate on the black hole SMBH sink sizes are taken to be within hundredths of sonic radii, r s , where
following the prescriptions of Ruffert (1994); . Models are run from an initially uniform background until a steady density enhancement forms within the NSC, which usually takes tens of core sound crossing times.
Convergence tests with higher refinement and longer run times produce models which show similar central densities and mass accretion rates to those depicted here. We compute both models with adiabatic (γ = 5/3) and nearly isothermal (γ = 1.1) equation of states in order to test the effects of cooling.
To adequately resolve the small scale sink, the significantly more extended NSC's core, and the even larger scale flow structures that develop around the cluster, a sizable level of refinement is required on the AMR grid (commonly 14 levels of refinement). As the minimal time step in our simulation is determined by the gas flow on small scales, necessary runtimes would need to be prohibitively large in order to simulate a resolved sink and the large scale gas structure until a steady state density enhancement forms within the NSC. Instead, we construct the accretion rates onto our model SMBH+NSC systems from a set of three simulation setups, as depicted in Figure 1 with parameters summarized in the first row of Table  1 . Figure 1 depicts the flow of nearly isothermal gas (γ = 1.1) in the vicinity of a SMBH (M bh = 2.5 × 10 7 M , r sink = 0.5 pc) surrounded by a massive NSC (M c /M bh = 10, r c = 5.3 pc, σ V = 176 km/s). The gas has a sound speed of c ∞ = 83 km/s and the SMBH + NSC complex is moving at a Mach number of 1.64 with respect to the ambient gas. The ratio of M c /M bh = 10 is consistent with observations: 0.1 M c /M bh 100 (Graham & Spitler 2009; Neumayer & Walcher 2012) . However, as noted in Section 2, as the ratio of M c /M bh decreases so does the ability of a NSC to significantly alter the flow of gas onto the embedded SMBH (for a given σ V ). Thus, the model depicted in Figure 1 provides an example in which the presence of a massive NSC can drastically alter the flow properties around the central SMBH.
The first of these simulations, labeled initial in the density contours and mass accretion rate plots shown in Figure 1 , is a small scale simulation which follows the gas flow as the central density enhancement begins to form in the NSC core while simultaneously tracking the mass accretion rate onto the fully resolved central sink. Once the large scale bowshock begins to interact with the boundaries of the computational domain (at about three to five core sound crossing times) the simulation is halted. We concurrently simulate the same initial setup in a larger box (about fifty core radii) at a lower resolution and follow the density build up within the NSC's core without the presence of a sink. We label this simulation as no sink in Figure 1 . Because the presence of a sink has a minimal effect on the build up of mass in the core, the central density in the large scale simulation, albeit lower resolution, agrees well with central density evolution observed in the initial simulation. While there is no explicit sink in these second set of simulations, the mass accretion rate onto a central black hole can be relatively accurately inferred from the gas properties within the NSC's core as shown in Figure 1 . Once a steady state density enhancement has formed in the central regions of the NSC, these large scale simulations are then refined further until a central sink is resolved by at least 16 cells. This level of refinement was chosen to allow the unsteady mass accretion rate to converge, as argued by . We refer to these simulations as steady state in Figure 1 . By using the set of three simulations discussed here for each SMBH+NSC system, we can resolve both the larger scale flow around the nuclear star cluster and the small scale flows into the accreting SMBH. Because we are not explicitly including radiative cooling, the simulations depicted in Figure 1 can be easily rescaled to consider a wide range of NSC properties. For example, for a fixed M c /M bh , the structure of the flow will remain unchanged provided the ratio σ
2 ) remains constant (Naiman et al. 2011) .
In Figure 2 we compare the flow in and around a heavy 2 ) remains the same. Because this ratio is constant, the flow is nearly identical. It is important to note that while the mass accretion rate onto the central SMBH is higher for the more massive system, the accretion rate enhancement with respect to that of a black hole without the NSC,Ṁ bh+c /Ṁ bondi , is the same between the two simulations.
The set of simulations shown in Figure 1 (Figure 2) depict the gas flow around a compact NSC slowly transversing through nearly isothermal (adiabatic) gas. However, the enhancement in the black hole's accretion rate depends not only on the thermodynamical conditions of the ambient gas but also on the properties of the NSC. The remainder of this paper is thus devoted to calculating the necessary conditions for large central density enhancements in the centers of SMBH + NSC systems and determining whether or not these conditions persist during a galaxy merger.
NECESSARY CONDITIONS FOR ACCRETION RATE

ENHANCEMENTS
In order for the gravitational potential of the NSC to alter the local gas flow before it is accreted onto the central SMBH, the NSC must be moving relatively slowly through cold gas, a condition shown in Naiman et al. (2011) to be equivalent to requiring that σ
For this reason, knowledge of the velocity dispersion of typical NSCs is vital in determining whether or not central gas densities will form in their cores (provided that M c /M bh 1). Surveys of NSCs show half light radii in the range 1 − 5 pc (Böker 2010; Georgiev Böker 2014) , which assuming a Plummer model (with M/L = 1), gives a range in core radii of 0.8 − 3.8 pc. These results combined with the observed mass range of approximately 10 5 − 10 7 M (Böker 2010; Georgiev Böker 2014; Neumayer & Walcher 2012 ) naturally result in a large range of possible velocity dispersions: σ V ≈ 5 − 100 km/s. Intuitively, we expect more massive systems to have larger core radii, a fact which is born out in several surveys of NSC properties as depicted in Figure 3 (Seth et al. 2008; den Brok et al. 2014 ). If we narrow our sample size by restricting our calculations to systems observed to contain both a NSC and a SMBH the mass-size relation of NSCs is less well constrained as clearly depicted in Figure 3 . Measuring the mass of theblack hole and the mass and velocity dispersion of the NSC requires high resolution observations, which are only available for a handful of systems, with the best currently known example being our own Milky Way. In the Galaxy's nuclei, the black hole mass has been measured to be M bh ≈ 4 × 10 6 M (Ghez et al. 2008; Gillessen et al. 2009; Genzel et al. 2010; Do et al. 2013) . With a NSC mass of M c ≈ 3 × 10 7 M and a half light radius of r eff ≈ 4 pc, one finds r c ≈ 3 pc and σ V ≈ 130 km/s (Graham & Spitler 2009; Feldmeier et al. 2014 ).
The observed NSC velocity dispersions in galaxies containing black holes, which are in the range σ V ≈ 100 − 300 km s −1 , are similar in magnitude to both the sound speed of the surrounding gas and the relative gas velocities of SMBHs during galaxy mergers (Debuhr et al. 2011 (Debuhr et al. , 2012 . As a result, the conditions necessary for efficient mass accumulation are commonly satisfied, an assertion that we will quantify below by making use of detailed galaxy merger simulations. Figure 4 shows how the accretion rate onto a SMBH is modified by the presence of a NSC satisfying σ V c 2 s + v 2 . In all calculations, the flow is assumed to behave adiabatically. Without the presence of a NSC, the bowshock penetrates close to the sink boundary. However, in the presence of a NSC, the bowshock forms at the outer boundary of the cluster's core. As discussed in Lin & Murray (2007) and Naiman et al. (2011) , this effectively mitigates the effects of the gas motion on the central sink and the accretion proceeds as a nearly radial inward flow. This added protection results in a moderate mass accretion rate enhancement onto the central sink, which are slightly larger for a more compact NSC. As the flow accumulates in the NSC's potential, a quasihydrostatic envelope builds up around the central sink, whose central density increases with the compactness of the NSC. For an adiabatic flow, this density enhancement is accompanied by an increase in the sound speed of the flow such thaṫ
As a result, the accretion rate for a stationary sink is not expected to be aided by the increase in central density in an adiabatic flow. The moderate increase in mass accretion rates for an adiabatic flow, produced mainly by changes in the flow structure, is shown by both our analytical (see equations 4 and 5) and simulation results.
On the other hand, the central density enhancement enabled by the presence of a NSC when σ V ≈ c 2 s + v 2 can be accompanied by a drastic increase in mass accretion rate if the gas is permitted to cool. This allows the central density to grow without a mitigating increase in the local sound speed of the gas. In the near isothermal (γ = 1.1) calculations depicted in Figure 5 , we have c s (r) ≈ c ∞ and the presence of a NSC results in an enhancement of about an order of magnitude in the mass accretion rate onto the central sink. Here, the accretion rate fluctuates around a mean value, as the isothermal gas can collapse to much smaller scale structures than in the adiabatic case, providing the central sink with much larger temporal changes in the amount of accreted gas.
Figures 4 and 5 together demonstrate the important effects that both the equation of state and the compactness of the NSC can have on the mass accreted by the central SMBH.
In what follows, we make use of cosmological simulations to estimate the range of gas and NSC properties conducive to large enhancements in the mass accretion rate onto the central SMBHs during galaxy mergers.
THE ACCRETION HISTORY OF SMBHs IN GALAXY MERGERS
The majority of galaxies (50 − 70%) are expected to harbor nuclear star clusters (Neumayer 2012) , and therefore large enhancements in accretion rates onto SMBHs are possible during typical galaxy mergers when conditions are favorable (i.e. σ 2 V ≈ c 2 s + v 2 ). If, in addition, during the merger the gas in the central regions cools efficiently, the increase in the mass accreted by the SMBH can be significant. To determine if and when these conditions are satisfied during a merger we examine the gas properties in galaxy merger simulations from Debuhr et al. (2011) . These full-scale SPH simulations of major mergers include cooling, star formation and associated feedback, and feedback from a supermassive black hole. Of interest for this work is the model fidNof, which places two galaxies on a prograde parabolic orbit with unaligned spins and a merger mass ratio of 1:1. Both galaxies in the simulation have a total mass of 1.94 × 10 12 M (including the dark matter halo), and have 8 × 10 5 particles. The Plummer equivalent gravitational force softening was 47 pc. Figure 6 shows the gas properties in the central core regions of the galaxies in the fidNof model. This range of sound speeds and densities represent the average values of a subset of particles within the accretion radii, defined as four times the simulation's gravitational softening length: R acc ≈ 188 pc (Debuhr et al. 2011 (Debuhr et al. , 2012 . To estimate the average properties of the gas (c ∞ , v ∞ , ρ ∞ ) flowing toward the SMBH we use only particles within a 30
• conical region in front of the SMBH's velocity vector. While the average gas parameters are relatively insensitive to the exact value of the opening angle of the cone, the amount of inflowing gas is slightly underestimated using this method as it ignores the material which can be accreted from behind the direction of motion of the SMBH.
Given the estimated average properties of the gas flow at large scales, we expect the effects of the NSC in altering the mass accretion history of the central SMBH to be most prominent when the gas is able to cool efficiently, as argued in Section 4. In a merger simulation, the condition for efficient cooling is established when the sound crossing time across the accretion radius is longer than the cooling time of the gas: t cs,acc t cool . If this condition holds, the cold gas can be significantly compressed and, as a result, lead to a large density enhancement in the core of the NSC.
We can estimate the accretion timescale of the SMBH as
where µ ∞ = v ∞ /c ∞ is the Mach number of the large scale flow. The cooling time can be written as t cool = /[n e n H Λ(T, Z)], where is the internal energy of the gas, Λ is the cooling rate of the gas at a temperature T and metallicity Z = 10 −2 Z , and n e and n H are the electron and neutral hydrogen number densities, respectively. In galaxy merger simulations, the condition t cs,acc t cool is generally satisfied ( Figure  6 ) although for a particular run, the average gas properties can fluctuate between the cooling and non-cooling regimes as the merger progresses. This is illustrated in the simulation snapshots I, II and III taken from the fidNof model of Debuhr et al. (2011) at early (t I = 0.27 Gyrs, t II = 0.5 Gyrs) and late (t III = 1.49 Gyrs) times in the merger process, which are depicted in Figure 6 . As a consequence, there may be times during the galaxy merger when cooling rates within the accretion radius are high and the mass accretion rate can be heavily augmented by the presence of a NSC, provided that σ V ≈ c ∞ .
Since we are not treating the feedback from the black hole explicitly, we use both adiabatic (inefficient cooling; efficient feedback) and isothermal (efficient cooling; inefficient feedback) simulations to illustrate the effects of the surrounding NSC on the gas flow as a whole and the importance of the σ V ≈ c ∞ condition. Figure 7 shows the gas in the inner regions of a model where σ V < c ∞ . Here, a moderately massive black hole (M bh = 10 6 M ) with and without a surrounding NSC (M c = 10 7 M and σ v = 115 km/s) propagates through a background medium with c ∞ = 200km/s and ρ ∞ = 10 −23 g cm −3 (similar to the gas properties found in simulation snapshot III of Figure 6 ). Because σ V < c ∞ , the gas flow around the SMBH is not altered by the presence of the NSC and the mass accretion rates change only minimally between the model with and without the NSC, even when cooling is efficient. This is corroborated by the results of the near isothermal and adiabatic simulations, which are shown in Figure 7 .
When the SMBH+NSC complex propagates into a region in parameter space where cooling is efficient and the condition σ V c ∞ is satisfied, the presence of a NSC can dramatically increase the mass supply onto the SMBH. Figure 8 shows the gas flow in the inner regions of a NSC where cooling is predicted to be efficient. Similar to Figure 7 , the SMBH + NSC complex is characterized by M bh = 10 6 M and M c = 10 7 M (σ = 115 km/s) but in this case it propagates through a background medium with c ∞ = 100 km/s and ρ ∞ = 10 −21 g cm −3
(similar to those found in simulation snapshot I of Figure 6 ). Here, even without the presence of a NSC, the accretion rate is significantly higher than that derived from Figure 7 due to the isothermal equation of state, higher density and lower sound speed of the medium. However, in these efficient cooling conditions, the presence of a NSC can have drastic effects on the mass feeding rate enhancement when compare to the case without a NSC. This is evident when comparing the evolution of the mass accretion rate calculated in the adiabatic and near isothermal simulations. We note here that in both regimes, the prescription laid out by equations (4) and (5) provides a relatively good estimate of the steady state mass accretion rate onto the SMBH (see Figures 7 and 8) . In what follows, we will assume the validity of such prescription in order to estimate the growth history of SMBHs in galaxy mergers. To establish the mass feeding history of merging SMBHs embedded in NSCs, we use the gas properties in the central regions of simulated merging galaxies. Figure 9 shows how the growth history of the central SMBHs, as derived from the fidNof simulation of Debuhr et al. (2011) , is altered by the presence of a NSC. In both galaxies, a NSC with M c = 10 7 M is assumed to reside in each galactic center at the start of the simulation. These values are consistent with observations of NSC around SMBHs (Graham & Spitler 2009; Graham et al. 2011) . The calculation assumes that the flow is able to cool efficiently (γ = 1.1) and that the NSC is unable to grow as the mass of the SMBH increases. At early times, the presence of the NSC enables the central SMBH to grow quicker than it would do if it was in isolation. As the galaxy merger progresses and the mass of the SMBH increases above M c at ≈ 0.7 Gyrs, the gravitational influence of the cluster ceases to be relevant and the enhancement in the individual SMBH masses is fixed at a factor of ≈ 4 − 5.
Despite having only a brief impact, this early growth spurt induced by the presence of a NSC results in a vastly different growth and feeding history for the pre-merger SMBHs. We find that the initial properties of the NSC have an enduring effect on the luminosity and mass assembly history of the pre-merger SMBHs. We note here that we have assumed that the NSC's mass remains unchanged during the entire simulation. If a larger stellar concentration is able to form around the growing SMBH, then the evolving NSC could have a longer lasting impact.
SUMMARY AND CONCLUSIONS
An understanding of how matter can be funneled to galactic nuclei is essential when constructing a cosmological framework for galaxy evolution. When modeling galaxy evolution, an implementation of a sub-grid mass accretion prescription to estimate the gas flow onto SMBHs is required for the sake of computational efficiency. In simulations of merging galaxies, some form of the classical Bondi-Hoyle-Lyttleton (BHL) accretion prescription is usually implemented to estimate the SMBH's feeding rate. This prescription assumes that the properties of gas at hundreds of parsecs accurately determine the mass accretion rate. In this paper we argue that NSCs, a common component of galactic centers at parsec scales, can provide an efficient mechanism for funneling gas towards the SMBH at scales which are commonly unresolved in cosmological simulations.
For the conditions expected to persist in the centers of merging galaxies, the resultant large central gas densities in NSCs should produce enhanced accretion rates onto the embedded SMBHs, especially if cooling is efficient. Because these NSCs are typically more massive than the central SMBH, they can significantly alter the gas flow before being accreted. While the model shown in Figure 9 results in a modest increase in the final mass of the merged SMBH, the presence of NSCs result in faster SMBH growth rates and higher bolometric luminosities than predicted by the standard BHL formalism. Obviously, these calculation are incomplete and would improve with a self-consistent implementation of feedback.
It has been suggested that the interplay between SMBH mass and host galaxy properties indicates that black hole feedback during mergers alters the properties of gas at galactic scales in order to shape these observed correlations (Johansson et al. 2009; Debuhr et al. 2011 Debuhr et al. , 2012 . Progress in our understanding of these processes and higher resolution simulations will be necessary before we can conclude that quasar feedback is in fact an essential ingredient. With more accurate simulations of the growth of SMBHs surrounded by NSC in galaxy mergers, we can better constrain the relevant physics responsible for the M bh − σ and M bh − L relations from comparisons to observational data. (1) The name of the simulation -figure denoted by a number, subplot or line denoted by a letter, (2) mass of the NSC, (3) mass of the SMBH, (4) velocity of the NSC, (5) NSC cluster radius, (6) adiabatic index of the ambient gas, (7) Mach number of the flow, and (8) the ratio of NSC velocity dispersion to background sound speed. Simulations with out a NSC, and thus no parameter for the NSC mass, velocity dispersion or radius, are denoted by Mc = 0.0 and the words "Naked BH" in all other fields. Figure 3 ), a SMBH embedded in a diffuse NSC (middle, 4B) and a SMBH embedded in a compact NSC (right, 4C) together with the mass accretion rate history in each system, which is calculated using the three different simulation setups discussed in Figure 1 . The effect of the NSC's velocity dispersion (Mc = 2.5 × 10 8 M ) can be seen by comparing the gas flow between the compact (rc = 5.3 pc) and diffuse (rc = 10.6 pc) clusters. The horizontal dot-dashed line shows the analytical prescription for Bondi-Hoyle-Lyttleton (BHL) accretion onto the naked SMBH from and the dark blue and black horizontal lines show our modified prescription for the mass accretion rate in the presence of a NSC. All sink sizes are r sink = 0.5 pc. Here, the sound speed and Mach number are c∞ = 132 km/s and µ∞ = 1.33, respectively. The snapshots from left to right are at times tcs = 112, 108, and 81. 6.-The range of sound speeds, c∞, and densities, ρ∞, from the gas surrounding a naked SMBH in the galaxy merger models of Debuhr et al. (2011) . The gray contour denotes the combinations of [c∞,ρ∞] for their entire suite of models while the blue contour shows the range for their fidNof model. The locations in the [c∞,ρ∞] plane for three different simulation snapshots (I, II, III) taken from the fidNof model of Debuhr et al. (2011) are highlighted. Simulation points I and II are at early times before the galaxies' first pass (t I = 0.27 Gyrs, t II = 0.5 Gyrs) and point III occurs right before the merger (t III = 1.49 Gyrs). The reader is referred to Figure 1 of Debuhr et al. (2011) (similar to the gas properties found in simulation snapshot III of Figure 6 ). The left panel shows the mass accretion rate of models with and without a NSC for adiabatic (γ = 5/3) and near isothermal gas (γ = 1.1) flows, which are calculated using different simulation setups as discussed in Figure 1 . Under these conditions, σ V < c∞ and the gas flow around the SMBH is not altered by the presence of the NSC. As a result, the change in mass accretion rate between the model with and without the NSC is negligible, even when cooling is efficient. Cluster radii are shown as white circles. The simulations "Naked SMBH, Isothermal", "NSC + SMBH, Isothermal", "Naked SMBH, Adiabatic" and "NSC + SMBH, Adiabatic" are denoted in Figure 3 by points 7A, 7B, 7C, and 7D, respectively. Figure 7 but in this case the black hole propagates through a background medium with c∞ = 100 km/s and ρ∞ = 10 −21 g cm −3 (similar to those found in simulation snapshot I of Figure 6 ). Because σ V > c∞, the presence of a NSC can result in a large mass feeding rate increase when compare to the case without a NSC, in particular when the gas cools efficiently (γ = 1.1). Once again, the accretion rate onto the SMBH is calculated using different simulation setups as illustrated in Figure 1 . The models in this figure labeled "Naked SMBH, Isothermal", "NSC + SMBH, Isothermal", "Naked SMBH, Adiabatic" and "NSC + SMBH, Adiabatic" are denoted in Figure 3 by points 8A, 8B, 8C, and 8D, respectively. (5) is used to estimate the steady state mass accretion rate onto the SMBH, which in turn use the gas properties as derived by the SPH simulations to calculate the augmented growth of the SMBH masses during the galaxy merger simulation. A NSC characterized by Mc = 10 7 M and σ V = 180 km/s (Graham & Spitler 2009; Graham et al. 2011 , consistent with observations of SMBH+NSC systems) is assumed to reside in each galactic center at the start of the simulation. The calculation assumes that the flow is able to cool efficiently (γ = 1.1) and that the mass of the NSC is fixed. As the galaxy merger evolves and the mass of the SMBHs increase above Mc, the gravitational influence of the NSC stops being relevant.
FIG. 8.-Similar to
